the reduction experiments were all conducted at 1300°C. To evaluate the formation and the separation of iron-nickel alloy nugget in the reduction process, we observed the patterns of reduced products under different C/O ratio, CaO addition ratio and holding time conditions. And then the effect of C/O ratio and CaO addition ratio on nickel content of nugget and nickel recovery ratio were investigated. The results showed that 0.7 of C/O ratio, 8% of CaO addition ratio
Introduction
Two types of nickel ores such as nickel sulfide ore and nickel laterite ore are widely used in nickel production. Nickel sulfide ores are typically derived from volcanic or hydrothermal processes, while laterite ores are formed near the surface following extensive weathering of ultramafic rocks and they occur abundantly in tropical climates around the equator [1] . With the increasing demand of nickel, the decreasing reserve of nickel sulfide resources and the advantages of exploring nickel laterite, much attention has been paid to the efficient utilization of laterite ores [2] .
Nickel laterite ores generally consist of three main layers [3] . The layer close to the surface is the limonitic ore body, the layer near to the bottom of the ore body is the saprolitic ore body, and the limonitic ore can be separated from the saprolitic ore by a transition zone. Because of the low nickel content and variable distribution in nickel laterite ores, these ores cannot be easily concentrated by current technologies [4] .
Limonitic laterite ores with high iron content are usually used in hydrometallurgical process such as high pressure acid leaching [5] , while saprolitic laterite ores containing small amount of iron, and higher levels of nickel, silica and magnesium are generally subjected by pyrometallurgical process, including reduction-smelting process to produce ferronickel alloy. The main pyrometallurgical process is rotary kiln-electric furnace (RKEF) process. However, the energy consumption of this process is high due to the high ratio of slag to metal. Therefore, many processes with low energy consumption have been researched.
Recently, considerable research efforts are being directed at developing new techniques for extracting nickel from the nickel laterite ores. The widely used method of concentrating the nickel content of these laterite ores is the selective reduction of the contained metal oxides at moderate temperature to form a metallic phase, which may then be separated from the gangue by magnetic separation. Several previous studies have explored this selective reduction method and the effects of temperature, time, reductant type
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and CaO content on the nickel content of magnetic separation products and the recovery ratio of nickel were investigated [6, 7] . In these methods, nickel was mainly enriched into a ferronickel phase with the reduction of nickel oxide [8] .
The most promising results correlate with reduction conditions which would produce the largest ferronickel particles, increased reduction temperatures and times have been shown to result in the larger ferronickel particles, and the addition of sulfur have also resulted in an increase in the size of ferronickel particles formed [9, 10] .
Ferronickel nugget separation method by direct reduction was also investigated [11] . In this method, the separated nuggets were very large and could be directly used in alloy steel production. However, the research was performed with the saprolitic laterite ore and high reduction temperature more than 1400°C.
While, in the other previous studies [12, 13] , iron nugget separation method by reduction of coal composite iron ore briquette was investigated. The reduction degree of briquette and FeO amount after reduction could be controlled by changing C/O ratio, and gangue in the briquette is combined with FeO thus forming the fayalite slag with low melting temperature. This slag ensured the separation of iron at relatively low temperature (1300°C). However, magnetic iron concentrate was used as main raw material in these studies and the product was iron nugget.
In the present work, iron-nickel alloy nugget separation method by self-reduction of coal composite limonitic laterite ore briquette was investigated at 1300°C, and the effects of the amount of added coal and CaO and holding time on the separation were the focus of this investigation.
experiments

Raw materials
A laterite ore from Indonesia was used in this study. The chemical composition of nickel laterite ore is shown in Table 1 , and its XRD pattern is shown in Fig. 1 .
As shown in Table 1 and Fig. 1 , the main mineral of the raw nickel laterite ore is goethite and this laterite ore is a limonitic laterite ore.
Powder coal was used as the reductant in the briquette and its proximate analysis and main chemical composition of ash are shown in Table 2 . The chemical purity calcium oxide (CaO) powder was used as the flux in the briquette.
Methods
The raw laterite ore was dried at 100°C for 24 h to remove free water, and then crushed using a laboratory jaw crusher and also ground to -200 mesh using a ring pulverizer. While the coal was crushed to -100 mesh.
The powder coal and CaO reagent were added into the laterite ore, and the mixture was blended. The amount of added coal was represented as C/O ratio, which was defined as a fixed carbon to removable oxygen combined with iron and nickel molar ratio in the mixture. The amount of added CaO reagent was represented as CaO addition ratio, which was defined as a weight percentage of added CaO reagent in the mixture.
The mixtures were subsequently briquetted at 20MPa into cylindrical briquette with 20mm of diameter and 18 mm of approximate height and the weight of a briquette was about 7g.
Reduction experiments were conducted in a horizontal tube furnace at 1300°C. Firstly, powder coal was charged on the bottom of refractory dish in 3~5mm of the thickness, this powder coal was just padding material, and several dried briquettes were then placed on it. The main role of padding material is to prevent the separated liquid slag adhering to bottom refractory, to provide carbon source for supplemental reduction and carburizing of iron and to assure the reducing atmosphere around the briquettes.
The refractory dish with the briquettes was placed in the furnace and held at 1300°C for a certain time.
In the reduction process, the melting and separation of 386 slag and the cohesion of iron-nickel alloy were conducted in the reduced product. Some FeO in the separated slag was continuously reduced by padding material. After the holding time, the refractory dish with product was taken out from the furnace, then subsequently cooled to the room temperature under the argon atmosphere. Product was crushed and then separated into iron-nickel alloy nuggets and slag by screening.
Thermodynamic basis
In reduction process of the coal composite laterite ore briquette, the main reactions of nickel oxide to metallic nickel are as follows [14] :
The initial temperature of NiO reduction by fixed carbon is about 440°C at the atmospheric pressure and the standard Gibbs free energy of reaction (3) is negative at the standard atmospheric pressure. Therefore, NiO is easily reduced by CO.
In fact, limonitic laterite ore consists of various components such as NiO, Fe 2 O 3 , Fe 3 O 4 , etc. Therefore, other reactions simultaneously take place in reduction process [15] .
That is, nickel is preferentially reduced than iron in the reduction process.
The separation of metal nugget and slag after reduction of coal composite limonitic laterite ore briquette at low temperature of 1300°C cannot be achieved by conventional methods. To decrease the separation temperature of nugget, we used the selective reduction by control of C/O ratio in this study. The C/O ratio of coal composite limonitic laterite ore briquette is lower than theoretical requirement for the reductant. Therefore, in the reduction process, nickel is preferentially reduced, while iron is partially reduced due to the lack of the reductant. Thus, the slag system could be considered as FeO-SiO 2 -CaO system containing a little of MgO and Al 2 O 3 owing to the existence of FeO unreduced.
The calculated liquid region of the FeO-SiO 2 -CaO system under the temperature of 1300°C and different oxygen partial pressures is shown in Fig. 2 [16] .
As shown in Fig. 2 , the extensive liquid region existing in FeO-SiO 2 -CaO system. It is favorable for formation of liquid slag at 1300°C.
While the thermodynamic calculation results for the effect of MgO and Al 2 O 3 on the liquid region of the FeO-SiO 2 -CaO system at 1300°C [16] show that existence of MgO or Al 2 O 3 changes the position of liquid phase region, but there are almost no changes in the area of liquid region. This means that, liquid slag can be formed at 1300°C by controlling the FeO amount in the briquette after reduction. It is favorable for the formation and the separation of iron-nickel alloy nugget at 1300°C.
results and discussion
Separation of iron-nickel alloy nugget
Effect of C/O ratio
In order to investigate the effect of C/O ratio on the separation of iron-nickel alloy nuggets, the experiments were carried out with different C/O ratio. CaO addition ratio was 10% and holding times were 40 and 60 min respectively. Two briquettes were used in each experiment. Morphologies of separated ironnickel alloy nuggets or products are shown in Fig. 3 and Fig. 4 .
As shown in Fig. 3 and Fig. 4 , the effect of C/O ratio on the cohesion and the growth of iron-nickel alloy nuggets was remarkable. However, holding time had a little effect. When C/O ratio was 0.9, iron-nickel alloy nuggets were not all formed and slag was partially melted on the surface of the briquettes. Moreover, products still appeared in a sponge state. When C/O ratio was 0.3, the slag and metal were separated. But the iron-nickel alloy nuggets were not cohered and grown, and they still existed in small sizes, their sizes were 1~4mm and 2~6mm at 40min and 60min of holding time, respectively. When C/O ratios were 0.5 and 0.7, the big iron-nickel alloy nuggets with 7~9mm of diameter were formed from each briquette, and some of the small nuggets with diameter of 2~3mm were formed as well.
These are the possible reasons: first, the high C/O ratio decreases FeO content of the reduced product so that the liquid slag cannot be easily formed at 1300°C; second, the low C/O ratio decreases the amount of reduced metal, which is unfavorable for the cohesive and growth of iron-nickel alloy nuggets.
There are two kinds of reduction reactions in the reduction experiment of this study: "internal reduction" (reduction by carbon added in briquette) and "external reduction" (reduction by carbon in padding material). In the first stage, nearly all of nickel and partial iron are reduced by internal reduction. At the end of this stage, the slag with low melting temperature is formed in the briquette. In the reduction process, inner temperature of the briquette cannot be reached at the temperature of atmosphere due to endothermic reduction reaction. After reduction, with the increase of inner temperature of briquette, the slag is gradually melted and separated from the reduced metal, and the nugget is formed. In the next stage, partial FeO in the separated slag is reduced by external reduction at the interface between separated slag and padding material, formed metal particles are merged in to the nugget. Therefore, on the viewpoint of the separation, the composition of slag formed after internal reduction is very important.
In order to evaluate the possibility of liquid slag formation, the slag composition after reduction was calculated theoretically. Table 3 shows the slag compositions calculated after reduction under different C/O ratio conditions. The theoretical FeO content could be calculated according to the following assumptions: (1) 1mol of C removes 1mol of O; (2) the gas product is CO in the reduction process; (3) all of unreduced iron existed in the form of FeO.
As shown in Table 3 , FeO content of the slag changed in the very wide extent from 16% to 56.17% under different C/O ratios. When FeO content was high, fayalite slag with low melting temperature could be formed in the reduced product. It was favorable for the separation of nugget and slag.
The experimental results show that determination of the optimum C/O ratio is very important in order to separate the iron-nickel alloy nugget.
Effect of CaO addition ratio
In this study, the growth of the nugget depends on the solid state diffusion of reduced metal in molten slag. Therefore, it is very important to reduce the viscosity of molten slag. The addition of CaO could decrease the viscosity of slag, slag with low viscosity can be formed by controlling CaO addition ratio. It is favorable for the separation of nugget at 1300°C.
In order to investigate the effect of CaO addition ratio on the separation of nugget, the experiments were carried out with different CaO addition ratio. C/O ratio was 0.7 and holding time was 40min in this experiment.
Experimental results show that when CaO addition ratio was less than 4%, the nugget was not separated (see Fig. 5 ). However, when CaO addition ratio was more than 6%, the nuggets were separated, and morphologies of separated nuggets and slags are shown in Fig. 6 and Fig. 7 .
As shown in Fig. 6 , although iron-nickel alloy nugget was separated at 6% of CaO addition ratio, the nugget was still hidden in the slag due to insufficient separation. Moreover, when CaO addition ratios were 8% and 10%, the nuggets were separated from the slag completely (see Fig. 7 ).
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Figure 4. Morphologies of separated iron-nickel alloy nuggets or products after reduction at different C/O ratio (CaO addition ratio was 10% and holding time was 60 min)
With the increase of CaO addition ratio, the separation was considerably improved. High CaO addition ratio was favorable for the separation of the nugget. This means that it is possible to separate the iron-nickel alloy nugget directly at 1300°C by controlling C/O ratio and CaO addition ratio of coal composite limonitic laterite ore briquette.
Thus, in the viewpoint of separation, the suitable ranges of C/O ratio and CaO addition ratio were 0.5~0.7 and 8~10%, respectively.
Nickel content and nickel recovery ratio 3.2.1 Effect of C/O ratio
In order to investigate the effect of C/O ratio on the nickel content of nugget and the nickel recovery ratio, some experiments were carried out under the control condition with varying C/O ratio. CaO addition ratios were 8 and 10%, holding time was 40min. The experimental results are shown in Fig. 8 .
The nickel recovery ratio was calculated by the following expression:
As shown in Fig. 8 (a) , the nickel content is the highest at 0.6 of C/O ratio. Under the condition of fixed CaO addition ratio, the nickel content of nugget and the nickel recovery ratio were mainly related to the amount of reduced iron. The low C/O ratio resulted in less internal reduction of iron. It was unfavorable for collection of nickel. However, it was favorable for the external reduction of iron due to the high FeO content of slag, and the increase of the total amount of reduced iron resulted in the low nickel content. With the increase of C/O ratio from 0.5 to 0.6, more amount of nickel was collected due to the increase of iron reduced by internal reduction. Because the external reduction of iron was deteriorated, the total amount of reduced iron was decreased and the nickel content was increased. However, with the increase of C/O ratio from 0.6 to 0.7, the total amount of reduced iron was increased due to increasing of internal reduction of iron, and the nickel content was decreased. However, the nickel recovery ratio was continuously increased approximately with the increase of C/O ratio (see Fig. 8 (b) ). When CaO addition ratio was 8% and C/O ratios were 0.5, 0.6 and 0.7, the nickel recovery ratios were 76%, 79% and 85%, respectively. The high C/O ratio resulted in the larger amount of iron reduced by internal reduction, which was favorable for the collection of nickel. The above experimental results show that 0.7 of C/O ratio is suitable for this separation method.
Effect of CaO addition ratio
Under the control condition with varying CaO addition ratio, the experiments were carried out. C/O ratio were 0.6 and 0.7, while the holding time was 40min. The experimental results are shown in Fig. 9 .
As shown in Fig. 9 , with the increase of CaO addition ratio from 6% to 8%, the nickel content and the nickel recovery ratio increased. And, with the increase of CaO addition ratio from 8% to 10%, both decreased.
Under the condition of fixed C/O ratio, the amount of reduced iron was almost constant and the nickel content and the nickel recovery ratio were mainly related to the conditions of collecting the nickel particles. Here, the viscosity of slag was the important condition.
When CaO addition ratio was 8%, the viscosity of the separated slag could be lower than the other CaO addition ratios. It was favorable for the collection of nickel particles. This is possible due to the fact that the nickel content and the nickel recovery ratio at 8% of CaO addition ratio are higher than the other CaO addition ratios.
Therefore, the suitable CaO addition ratio for the separation of the nugget could be estimated as 8% in this study.
Analytic results of iron-nickel alloy nuggets
Under the suitable condition with 40 min of holding time, 0.7 of C/O ratio and 8% of CaO addition ratio, the separation experiment was carried out. Ironnickel alloy nuggets were easily separated from the slag by crushing and screening the reduced product. Fig. 10 shows XRD pattern for produced nugget. The analytic result show that the main phases of iron-nickel alloy nugget are Fe-Ni and C, and there are almost no slag components.
The SEM image and the EDS results of the nugget are shown in Fig. 11 and Table 4 .
As shown in Fig. 11 , there were no distinct differences in the phase, but there were only some cracks. These cracks could be formed due to the cohesion of semi-molten metal particles.
The SEM image and the EDS result for two points selected randomly show that the nugget was sufficiently separated from the slag, and the composition was relatively uniform in the whole section.
The results of the chemical analysis show that the contents of iron and nickel were 89.51% and 4.75% respectively, and the nickel recovery ratio was about 85%.
conclusions
An iron-nickel alloy nugget separation method by reduction of coal composite limonitic laterite ore briquette at relatively low temperature of 1300°C was investigated in the present study, and the conclusions could be summarized as follows:
(1) Experimental results show that it is possible to separate the iron-nickel alloy nugget directly at relatively low temperature of 1300°C by the control of C/O ratio and CaO addition ratio of coal composite limonitic laterite ore briquette.
(2) The effect of C/O ratio and CaO addition ratio on cohesion and growth of iron-nickel alloy nugget was very remarkable, and the suitable C/O artio and CaO addition ratio for this method were 0.5~0.7 and 8%~10%, respectively. (3) 0.7 of C/O ratio and 8% of CaO addition ratio were suitable for the high nickel content and nickel recovery ratio. After reduction the nugget was easily separated from the slag by crushing and screening. Under the suitable condition, the contents of iron and nickel of separated nugget were 89.51% and 4.75% respectively, and the nickel recovery ratio was about 85%. There were no slag components in the nuggets.
This method can be applied to any limonitic laterite ore by adjusting C/O ratio and CaO addition ratio. 
